Background: Numerous socio-economic and demographic factors have been identified as being associated with low vaccination coverage in children. However, the complex interrelation between these factors is not fully understood. We focused our study on the less well-established associations of familial resources for child care with vaccination coverage and their interrelationship with sociodemographic factors. Methods: This cross-sectional study (n = 2386) focuses on parental social status and on resources for child care as determinants of measles vaccination coverage of schoolchildren aged 6-13 years in Styria, Austria. In order to reveal the relationships among these factors, an analysis based on a conceptual hierarchical model was performed. The so-called graphical modelling approach was used for the multivariate analysis of the hierarchically structured determinants. Results: The findings indicate that vaccination coverage is directly associated with a large number of children in the family (P < 0.0001) and directly as well as indirectly associated with a low level of education of the father (P < 0.001). All other included child-care resources are only indirectly associated with a low coverage, whereby the number of children acts as main mediating factor. Conclusions: The results suggest that vaccination programmes should mainly focus on families with many children or parents of low educational level and not on the whole population. 
Introduction
P ersistent lack of immunization in certain groups of children is one of the main challenges in immunization campaigns. This problem cannot be sufficiently addressed by strategies directed at the general population, but the management of immunization programmes can be improved through preliminary identification of groups with deficient vaccination coverage. 1, 2 Numerous factors have been identified as determinants of deficient immunization rates in infancy and childhood. However, the reasons for these low levels of coverage are not fully understood, and studies to date have not demonstrated which factors are the most important. 3 The effect of some factors depends on country-specific circumstances; for example, on the way of vaccine delivery 4 or on parents' attitudes and beliefs regarding vaccination. [5] [6] [7] [8] [9] [10] [11] [12] In the UK and Scandinavian countries, vaccinations are given by trained nurses in specific baby clinics, whereas in other countries like Austria vaccinations are administered only by the general practitioner, paediatrician or the health service. 4 Also beliefs of the public and healthcare professionals regarding vaccine safety play an important role in vaccine uptake. [13] [14] [15] For example, widespread public concerns about triple vaccination against measles, mumps and rubella in the UK arose during the 1990s and have been described as barriers to measles vaccination uptake. 3, [15] [16] [17] Attitudes towards vaccination appear to be less important than sociodemographic factors in determining the immunization status. 6, 9 Other factors seem to be consistently associated with deficient vaccination rates in most countries. The first group of these factors concerns the social position of the parents, such as the educational status, 9,18-24 family income 7, 8, 10, [22] [23] [24] or occupational position; 25 and demographic factors such as the age of the child, 2, 23 child's birth order, 8, 10 age of the mother, 9, 12 geographical mobility, 9 cultural elements (ethnicity) 6, 8, [19] [20] [21] [22] [23] [24] and population density. 16, 26 A second group of consistently associated factors, which is related to the first group, concerns social support and life circumstances of the family and conditions of child care, such as the number of children in the family, 2, 6, 9, 12, 20 family dysfunction, 7 marital status of the mother, 10, 22, 23 employment status of parents, 8, [19] [20] [21] [22] living environment with respect to urban or rural place of residence, 2, 16, 21 support in child care and oneparent family status. 6 Although the last group of factors, which can be interpreted as measures that suggest greater demands on family resources, were investigated in several studies, only very few studies included variables on support in child care in their analysis. 6 From a viewpoint of conceptual hierarchical frameworks, 27 child-care variables can be seen as proximate determinants of vaccination status, whereas social and demographic factors are referred to as distal determinants. The latter are most likely to act directly on vaccination status and through a number of inter-related proximate determinants, such as child-care resources. Failure to take hierarchical structures into consideration may lead to underestimation of the effects of distal determinants, i.e. 'over-adjustment' bias. 27 Therefore, for building conceptual model we distinguished three hierarchical levels based on assumptions about the causal interrelationships among all variables.
The aim of this study was to assess the effect of both the resources for child care and the parental social status on measles immunization coverage. A further aim was to explore the complex interrelationships between these factors by means of a hierarchical analysis in order to identify important explanatory variables. To this end we surveyed the parents of schoolchildren in Styria, Austria. For hierarchical analysis we used the so-called graphical modelling approach.
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Methods
The actual vaccination guidelines in Austria 30 recommend two doses of measles-mumps-rubella (MMR) in the second year of life. A second dose is recommended to all children at least 28 days after the first dose, but preferably before reaching 15 years of age. MMR vaccination is government funded and offered free of charge to all children up to 16 years of age. Paediatricians, general practitioners and public health institutions may administer the vaccine. All mothers receive a so-called 'mother-and-child passport' when pregnant. This includes an inoculation and vaccination record. During the regular post-natal visits with the general practitioner or paediatrician, an appointment for the vaccination is organized. There is no active reminder or recall system, but the second dose (if necessary the first dose) of MMR is also administered in primary schools by school doctors in regular catch-up programmes for the 6-to 7-year-old children.
Study population and data collection
A questionnaire survey was conducted in Styria, a county of Austria of about 1.2 million inhabitants. Randomly selected schoolchildren of the first, fourth and seventh grade ($6, 9, 13 years, respectively) and their parents were the target sample of this cross-sectional study. We used a stratified cluster sample design consisting of 176 randomly selected classrooms of primary schools (first and fourth grade; 110 classrooms; average number of children: 19.9) and high schools (seventh grade; 66 classrooms; average number of children: 24.5) as primary sampling units. A list of all classrooms was obtained from the Styrian school authority (Landesschulrat für Steiermark). We stratified the sample according to the grade of the child (first, fourth and seventh) and residence (urban and rural) in order to obtain a sufficient number of cases in each stratum. All teachers of the selected children received 30 questionnaires and a letter of invitation to participate in the vaccination study by the internal post service of the Styrian school authority.
All children in a selected classroom were included in the sample. The size of the clusters varied between 6 and 25 subjects. We received questionnaires from the parents of 3037 children (of 3808 selected), representing a 7.3% sample of the 41 417 schoolchildren of the same grades in Styria. The distribution and collection of the questionnaires by means of schoolteachers ensured the comparatively high response rate of 79.8% (81.0, 85.0 and 75.3% in the first, fourth and seventh grade, respectively). We excluded all cases with missing values on at least one of the variables. Therefore, a total of 2386 subjects have been included in the ultimate data analyses. To check for non-response bias, our analysis sample was compared with the sample of excluded subjects (n = 651). The two groups did not differ in measles vaccination rates (82.4% in responders vs. 80.6% in non-responders; 2 = 1.01; P = 0.31) and in demographic determinants.
Definition of variables
Parents were asked to report the number of vaccinations (none, one or two) using MMR, MM or measles vaccine received by their child to date. The dependent variable for data analysis was the binary variable 'vaccination status' defined as '1' if at least one MMR, MM or measles vaccination was received, and '0' otherwise. To increase the reliability of the answers, the parents were additionally requested to report the exact date (month and year) each vaccination was administered. Therefore, we assume that the parents were forced to use the inoculation and vaccination record as reference document. It has been shown 31 that validity of parental recall depends on the number of shots of the vaccination and that recall is high for single dose vaccinations as is the MMR vaccination.
According to our hierarchical model, two groups of independent variables were distinguished. The first group exclusively contained variables that cannot be determined by the other variables of the study and was referred to as sociodemographic status. This group included two demographic variables of the child and two variables that were considered to be stable characteristics of parental social position not influenced by current life circumstances or variables of the second hierarchical level. These variables were as follows: the grade of the child (first, fourth and seventh), the child's gender, the highest educational level of the father and the mother, categorized as compulsory education (9 years of education), apprenticeship (11 years), high school (13 years), university (>13 years). We did not include variables on ethnicity or immigration status in our study because of the high ethnic homogeneity of the Styrian population ($95% native Austrians counted by the census in 2001). 32 Regarding barriers influencing access to health care providers, we did not consider child's health insurance status because $100% of the children are covered by the Austrian health insurance programme.
The second group of independent variables, referred to as child-care resources, described current conditions of child care, including factors of the social micro-environment and living conditions. As these variables potentially depend on first-level variables and may influence the vaccination coverage, they formed the second hierarchical level of our model. This included the number of children in the family (one, two, three, four or more), current employment status of parents (both parents employed, only father employed, only mother employed and neither employed), one parent family (yes and no), support in child care at home by friends, relatives, neighbours or nursery teachers (yes and no) and place of residence coded as urban (more than 100 000 inhabitants) or rural (otherwise). Although the number of children in the family can be judged as a demographic factor, we decided not to include it in the first level. The number of children is potentially influenced by factors of the second level and, moreover, it is an indication of differences in the conditions for child care.
Statistical analyses
Bivariate statistical analyses were performed first using SPSS Statistics for Windows (SPSS Inc., Chicago, IL, USA). Group differences were assessed with the Pearson's chi-square test and using the g-coefficient 33 as association measure for ordered qualitative variables.
To incorporate our conceptual hierarchical model into the analysis, we performed a second analysis utilizing recursive graphical models. Graphical models are a multivariate statistical method particularly useful for explaining and describing direct and indirect interrelationships between several variables. They can be seen as a generalization of regression models in the sense that-with necessary modelbased restrictions-each variable in the model is simultaneously evaluated as a dependent variable. Then, potential causal pathways and intervening variables can be modelled. Graphical models were introduced by Darroch et al. 28 and Lauritzen. 29 Edwards 34 published a detailed and readable introduction to applications. Graphical models Determinants of vaccination coverage in schoolchildren are visualized by an independence graph, where vertices represent variables and lines or arrows symbolize undirected or directed conditional relationships, i.e. significant associations between two variables. We used the software package DIGRAM 35 for hierarchical analysis, which is designed for recursive graphical models with qualitatively scaled variables. The partial g-coefficient was used in the hierarchical analysis for the description of conditional relationships between each pair of variables and was included here for comparison.
Corresponding to our conceptual hierarchical model, we set up for the DIGRAM analysis a three-level graphical model with the third level as the dependent variable vaccination status, the second level as the resources for child-care variables and the first level as the socio-demographic status variables. The first step of the DIGRAM analysis consisted of a pre-analysis of the saturated model. This is a model that assumes that there are connections between all variables as in the case of backward elimination regression analysis. Using the screening procedure of DIGRAM, all non-significant conditional relationships with level of significance of !0.15 were excluded from the model. The resulting model was further analysed using the backward selection procedure of DIGRAM with a chosen level of significance of 0.05.
Results
Bivariate analysis
The mean age of the children was 6.5 years in the first grade, 9.6 years in the fourth grade and 13.1 years in the seventh grade, thus corresponding to an age difference between grades of $3 years. The frequency distributions of the different variables within each category are listed in table 1. The complete administration dates of the reported vaccinations were only missing in 4.1% of the vaccinated children. Table 1 displays the unadjusted measles vaccination rates for each category of all investigated factors. Lower vaccination coverage was significantly associated with higher grade, a lower level of paternal and maternal education, a higher number of children in the family, no support in child care and a rural place of residence. No significant association with coverage was found for child's gender, the employment status of parents and for single mothers or fathers. Figure 1 presents the final model of the graphical backward elimination analysis visualized by the independence graph, where arrows indicate directed associations between different levels, and lines show relations of variables within the same level. Table 2 gives the g-correlation coefficients and the P-values for all statistically significant associations seen in the independence graph. The sign of the g-coefficients indicates the direction of the relationship.
Hierarchical analysis
Three factors showed a significant direct effect on vaccination status: the grade (g = À0.30), the number of children in the family (g = À0.22) and the educational level of the father (g = 0.16). Concerning the resources for child care, none of them showed a direct relation to the vaccination There was no direct association of the level of parental education with the number of children, but there were direct associations with both the parental employment status and the urban/rural place of residence, which in turn were related to the number of children ( figure 1) . Thus, the level of the education of the father was directly associated with the vaccination status of the child, whereas indirectly by family size. Hence, it seems to be of focal interest concerning the socio-demographic factors. Concerning the resources for child care, the factor of focal interest was the number of children. The other assessed child-care variables were associated only indirectly with the vaccination coverage in multivariate analysis (figure 1). Since the level of education of the father and grade are assumed not to be causally influenced by resources for child care, solely the number of children may act as an intervening factor between child-care resources and vaccination status. The results suggest that the number of children were directly associated with an urban place of residence (g = À0.15), being a one-parent family (g = À0.27) and employment of both parents (g = 0.30). Therefore, these factors might indirectly correlate with the likelihood of vaccination, but seemed to be of no direct relevance for a family of fixed size.
Discussion
The major objective of our study was to identify factors that may explain deficiencies in measles vaccination coverage of schoolchildren and to provide information about their interrelationships. We focused on the role of child-care resources and their interrelationship with socio-demographic factors.
Bivariate analyses showed significant associations for grade, education of the father and the mother, number of children in the family, support in child care and place of residence.
No associations were found for child's gender, parental employment status and one-parent family. Vaccination coverage of the children of the first and fourth grade ($6 and 9 years) (88.4% and 84.9%) is comparable with other European countries (mean coverage reported to the World Health Organization in 1996 was 86%, and 94% in 2001), 36 whereas coverage in seventh-grade ($13 years) children (76.8%) is lower. The higher rates in the first and fourth grade can be attributed to a second vaccination at school entry introduced by the recent measles vaccination programme.
In the graphical modelling procedure, numerous plausible and well-documented relationships appeared within and between the first two levels. A closer look at the interrelationships between the different levels reveals that a low educational level of the father is a main distal explanatory variable related directly and through intermediate variables to the vaccination status of the child. Another previous study 24 analysed father's and mother's educational level separately and found, similar to our results, a stronger correlation of vaccination rates with the father's than with the mother's educational level. A low educational level of the father and mother is associated with a lower employment of the parents, with a lower likelihood of support in child care and with living in a rural region. These resources are in turn related to a higher number of children in the family, a variable consistently related to a deficiency in vaccination coverage in our study and in previous investigations. 2, 6, 9, 12, 20 The vaccination coverage is not directly related to urban vs. rural place, but through other factors like the family size or the parental educational status. This result suggests that in comparing the rural with the urban conditions, there may be no other place-specific determinants (e.g. access to health care) of relevance than the factors included in the model. This seems to be in accordance with the situation in Austria where the ways of vaccination delivery and uptake are very similar in urban and rural areas. The indirect association of the resources for child care may indicate potential indirect causal effects of these resources on the vaccination coverage. In this case, a low parental educational status may be directly, and mediated by resources for child care, associated with deficient coverage.
A look at the independence graph of our model enables us to discern the function of intervening variables and their dependencies on distal socio-demographic factors. The main mediating variable was the number of children in the family; it was the only investigated child-care factor directly associated with the vaccination coverage. Child-care factors directly associated with this mediating variable were living as oneparent family, urban/rural place of residence and parental employment status. The latter two variables were associated with the educational status of both parents. Therefore, a low level of education of the father and the mother is an indirect predictor of a low coverage through their correlation with deficient resources for child care. Comparing the g-coefficient between vaccination status and education of the father of 0.20 (table 1) with the partial g-coefficient from graphical analysis of 0.16 (table 2) illustrates the problem of underestimating the effect of distal predictors as described by Victora et al.
27
Two conclusions are to be made. First, the overall effect of the educational status must be evaluated without improper adjustment for proximate factors (here, child-care factors), i.e. through bivariate analysis and not by regression analysis. Second, an assessment of proximate factors associated with deficient vaccination coverage in children, without adjusting for the social status of the parents, may lead to biased results.
As an overall conclusion, this study indicates that parental social status measured by the level of education is a major predictor of measles vaccination coverage in schoolchildren. The size of the family seems to be an important predictor of the life circumstances of the family concerning child care. Our results suggest that, for a given number of children in the family, resources for child care are not associated with the measles vaccination status of the child. Thus, our results add to the existing literature. As in previous studies, we were not able to explain through which pathways the number of children is related to a deficient vaccination coverage. Vaccination programmes should therefore mainly focus on families with many children or parents of low educational level and not on the whole population. Approved methods include mass media campaigns directed towards target populations and notification of non-vaccinated children to local health professionals and parents. 37 Furthermore, the results suggest that the targets of primary prevention should include the improvement of the general educational level of the whole population.
With respect to the applied methodology, it can be stated that the evaluation through hierarchical graphical modelling allowed a refined constitution, analysis and interpretation of the data compared to regression analysis. The graphical models method offers the decisive advantage of pointing out the associations of predictors within the same hierarchical level on the one hand, and lending support to the theorybased and hypothesized pathways on the other. The major drawback of graphical modelling is the lack of a unique and interpretable effect measure, such as the odds ratio or relative risk. 
Key points
The effect of both the resources for child care and the parental social status on measles immunization coverage in Austrian schoolchildren was investigated. The highest strength of association with deficient vaccination coverage was found for the number of children in the family. A low educational level of the father and the mother and a high grade were also independently related to low coverage. The results indicate that the only independent factor associated with child care is the number of children in the family, whereas the other investigated resources for child care are only indirectly associated with vaccination coverage. Vaccination programmes should mainly focus on families with many children or parents of low educational level and not on the whole population.
